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We report magnetization and heat apaity measurements of single rystal samples of the spin
gap ompound Sr2Cu(BO3)2. Low-eld data show that the material has a singlet ground state
omprising dimers with intradimer oupling J = 100 K. High eld data reveal the role of weak
interdimer oupling. For elds that are large ompared to the spin gap, triplet exitations are
observed for signiantly smaller elds than predited for isolated dimers, indiating that weak inter-
dimer oupling leads to triplet deloalization. High eld magnetization behavior at low temperatures
suggests additional ooperative eets.
Reently, the spin gap system SrCu2(BO3)2 whih is
a physial realization of the Shastry-Sutherland model
[1℄, has reeived a onsiderable amount of interest [2-5℄.
Spin frustration in a network of onneted dimers leads
to ompetition between Neel and singlet dimer ground
states, reduing the spin gap to ∼ 30 K. The exited state
magnetization is found to be a series of frational mag-
neti plateaus of the total magnetization, assoiated with
loalized triplet exitations in strutures ommensurate
with the lattie. In this letter, we report results on the
rst single rystals of the spin gap system Sr2Cu(BO3)2
whih although similar in omposition to SrCu2(BO3)2,
has a very dierent magneti lattie and exhibits novel
magneti properties assoiated with triplet deloaliza-
tion.
Sr2Cu(BO3)2 exists in two strutural phases: here we
desribe the rst measurements of single rystal samples
of the high temperature β-Sr2Cu(BO3)2 phase. This
phase is thermodynamially stable above ∼ 800
◦
C, so
samples were quenhed from 860
◦
C to room temper-
ature during the growth proess. β-Sr2Cu(BO3)2 has
an orthorhombi unit ell with lattie parameters a =
7.612Å, b = 10.854Åand  = 13.503Å[6℄. The struture
is two-dimensional, omprising layers of Cu2B4O12 on-
taining Cu
2+
(3d
9
, s =
1
2
) ions (shown in Figure 1),
separated by Sr ions [6℄. Eah layer omprises distorted
otahedral Cu(1)O6 units, square planar Cu(2)O4 units
and triangular B(1,2,3)O3 units.
The Cu
2+
ions are oupled via three dierent exhange
pathways (shown as J, J' and J in Figure 2) via triangu-
lar BO3 units. Orthorhombi distortion of the Cu(1)O6
otahedra lifts the eg degeneray of this ion (apial oxy-
gen atoms are further from the entral Cu(1) atom at
2.49Åand 2.42Å, than the equatorial oxygen atoms, at
1.99Åand 1.92Å[6,7℄), suh that the highest energy level
is the antibonding ombination of Cu 3dx2−y2 and the
equatorial O 2pσ orbitals. Sine the Cu(1) 3d
9
hole
resides in the equatorial plane, the dominant exhange
pathway is therefore J, through the equatorial oxygen
Figure 1: Cu2B4O12 layers from β-Sr2Cu(BO3)2 . The open
irles represent O, the gray irles Cu and the blak irles
B. Dimer units omprise Cu(1) and Cu(2) atoms linked via
B(3)O3 groups. Sr ions separating the layers are not shown.
ions of the Cu(1)O6 otahedra. The equivalent magneti
lattie (Figure 2a) then omprises Cu(1)-Cu(2) dimers
oupled by J via B(3)O3 triangular units. In this paper,
we present high eld magnetization measurements that
reveal the eet of weak inter-dimer oupling J' and J"
through B(2)O3 and B(1)O3 groups respetively.
Single rystals of β-Sr2Cu(BO3)2 were grown using
LiBO2 as a ux [6℄. The polyrystalline preursor was
prepared by a solid state reation of SrCO3, CuO and
B2O3 ground together in stoihiometri ratios and heated
in owing O2 at 900
◦
C for approximately 72 hours with
intermediate grindings. A mixture with 1:1.4 molar ra-
tio of polyrystalline Sr2Cu(BO3)2 to LiBO2 was heated
in a Pt ruible to 925
◦
C, ooled at approximately 1
◦
C
per hr to 860
◦
C and the remaining liquid deanted. The
rystals were allowed to ool rapidly in air. The result-
ing single rystals of β-Sr2Cu(BO3)2 were multi-faeted,
purple in olor, with dimensions of up to 5mm on a side.
Magnetization measurements in elds up to 5 T were
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Figure 2: (a) Magneti lattie representing the struture of
Cu2B4O12 planes in Sr2Cu(BO3)2. Atomi positions of Cu(1)
and Cu(2) are taken from the real rystal struture. Exhange
pathways are labelled in the legend. (b) In the limit J ≫ J'
and J, interdimer terms an be treated perturbatively, and
the lattie mapped on to a distorted square lattie of dimers.
Eah dimer unit is represented by a solid irle positioned in
the geometri enter of the Cu(1) and Cu(2) atoms.
performed in a Quantum Design SQuID magnetometer.
DC magneti suseptibility (χ= M
H
) measured in 5000 Oe
with H aligned along the prinipal rystal axes is shown in
Figure 3. From the exponential behavior at low temper-
atures, it is lear that the material is a spin gap system.
To estimate the intradimer oupling J, a simple approxi-
mation is to t the magneti suseptibility to an isolated
dimer model with an additional Curie term to aount
for a small isolated impurity spin onentration:
χ =
N(µBg)
2
kBT (3 + exp(
J
kBT
))
+
C
T
+ χ0
where N is Avogadro's number, C the Curie onstant
due to non-interating impurities and χ0 a temperature-
independent term. Any renormalization due to inter-
dimer oupling terms would modify the value of g. For all
three orientations, the magneti suseptibility per mole
of Cu spins as a funtion of temperature an be well t
by the isolated dimer model. The value of J for all three
orientations is found from these ts to be 100 ± 1.5 K in
agreement with previous polyrystalline data [7℄. Values
for g are found to be 2.0 ± 0.05 for H aligned along the
b and -axes, but 2.2 ± 0.05 for H aligned along the a-
axis, onsistent with the orientation of the CuO4 units.
C varies from 0.001 to 0.003 emuK/molOe, orrespond-
ing to 0.3% to 0.8% impurity onentration, assuming
impurity spins with g = 2, s =
1
2
. The T-independent
term χ0 is small and positive, likely due to a very small
onentration of ferromagneti impurities. Values vary
slightly between samples and with orientation, and for
the data shown in Figure 3 orrespond to approximately
10
−4 µB per formula unit.
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Figure 3: Temperature dependene of the magneti susepti-
bility of a single rystal of Sr2Cu(BO3)2 for a eld of 5000 Oe
aligned along the prinipal rystal axes. Solid lines show t
to isolated dimer model, desribed in main text.
Independent measurements of g are neessary to de-
termine the extent of renormalization of the magneti
suseptibility due to interdimer oupling. Values for g
were obtained via Eletron Spin Resonane (ESR) using a
Bruker Elexsys E680X spetrometer at X-band frequeny
9.38 GHz at room temperature. These measurements
gave g
a
= 2.230, g
b
= 2.060 and g

= 2.130 ± 0.004 in
good agreement with values obtained from suseptibility
ts within the unertainty of these measurements, indi-
ating that any interdimer terms are not large enough to
have a measurable eet at low elds.
An additional onrmation of the value of J in this sys-
tem is obtained from heat apaity measurements. The
Shottky anomaly from the large spin gap is too small to
be easily resolved against the large phonon ontribution
to the heat apaity. However, the shift in heat apaity
due to Zeeman splitting of the triplet states in a mag-
neti eld an be observed. Measurements were made in
zero eld and 18 T ontinuous eld for a single rystal
of β-Sr2Cu(BO3)2 weighing 7.9 mg. The eld was ori-
ented at an arbitrary angle to the rystal. A alorimeter
made of plasti materials and silion was used, employ-
ing a thermal relaxation time tehnique. The dierene
between these two values, ∆Cp = Cp(18T) - Cp(0T) is
due solely to hanges in the magneti ontribution and
an be alulated for an isolated dimer model using mea-
sured values for J and g for this rystal. Figure 4 shows
alulated and measured values for ∆Cp as a funtion
of temperature. The measured data has a broad maxi-
mum with a peak value of 0.38 ± 0.07 J/molK entered
3at 14 ± 1 K, ompared to the model whih has a peak
value of 0.32 J/molK entered at 16 K. The data agree
within experimental unertainty, onrming that the iso-
lated dimer model with J = 100 K is a reasonable rst
approximation in small magneti elds.
We note that additional features are evident in the heat
apaity at high temperatures (inset to gure 4), whih
appear to be unrelated to the low temperature magneti
properties. Strutural renements performed on a single
rystal indiate no hange in symmetry or average atomi
positions between the Low Temperature (LT) (T < 230
K), Room Temperature (RT) (230 K < T < 320 K),
and High Temperature (HT) (T > 320 K) regions, but a
marked hange in the thermal parameters of the B atoms
indiates a hange in vibrational properties.
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Figure 4: Dierene in heat apaity ∆Cp = Cp(18 T) - Cp(0
T) for a single rystal of Sr2Cu(BO3)2. Solid line shows al-
ulated value for dimer model with J = 100 K and g = 2.14.
Inset shows total heat apaity in zero eld between 2 K and
300 K. Mol refers to the formula unit.
The behavior of Sr2Cu(BO3)2 is most interesting in
high magneti elds, for whih gµBH ∼ J. In partiular,
we nd that the magnetization is no longer t well by the
isolated dimer model, due to the eets of interdimer ou-
pling. Magnetization measurements were made in pulsed
high magneti elds up to 65 T at dierent tempera-
tures. The data are obtained using a wire-wound sample
extration magnetometer in whih the sample is inserted
or removed from the detetion oils in situ. Data were
taken for inreasing and dereasing elds, and the average
value alulated. A olletion of six randomly oriented
fragments from a lean single rystal was used in order to
maximize the lling fator of the oil. Magnetization for
this omposite sample as a funtion of eld is shown in
Figure 5. A small linear diamagneti ontribution with
negative slope 9x10
−4 µB/T, due to the response of the
soure oils, has been subtrated from the data. The
value of magnetization at 50 K in a eld of 5 T was om-
pared with SQuID magnetometer magnetization data in
order to obtain absolute values for the magnetization in
units of µB/Cu.
A feature of the isolated dimer model is a sharp in-
rease in magnetization to 1 µB when the lowest Zeeman-
split triplet state rosses the singlet state at T = 0. For J
= 100 K and g = 2.14 (i.e. average value for the ompos-
ite sample), this would our at an applied magneti eld
Hc = 69 T if there was no interdimer interation, with
thermal broadening at nite temperatures (solid lines in
Figure 5). As shown in Figure 5, M(H) data orrespond
very losely to this model for temperatures of 20 K and
above, but deviate signiantly for lower temperatures.
At 1.5 K, data taken to 65 T learly show the swift rise
in magnetization due to triplet exitations. This ours
at a magneti eld lower than J. Furthermore, data for
temperatures of 5 and 10 K oinide with the 1.5 K data
within experimental unertainty.
The deviation from the isolated dimer model is learly
revealed in a graph of magnetization as a funtion of tem-
perature (Figure 6). In high magneti elds, the magne-
tization does not fall to zero at low temperatures, but is
as large as 0.15 µB for temperatures below 10 K. Above
15 K, the M(T) urves rise sharply, oiniding with the
isolated dimer model for temperatures above 20 K.
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Figure 5: Magnetization of Sr2Cu(BO3)2 as a funtion of ap-
plied eld at dierent temperatures. Calulated values for
isolated dimer model with J = 100 K and g = 2.14 shown by
solid lines.
The observed high eld magnetization behavior at low
temperatures indiates that Sr2Cu(BO3)2 is not an iso-
lated dimer system. The upturn in magnetization due
to the exitation of singlet into triplet states ours at
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Figure 6: Magnetization as a funtion of temperature for dif-
ferent magneti elds. Symbols (onneted by dotted lines
to guide the eye) indiate measured magnetization data ex-
trated from Figure 5, solid lines indiate isolated dimer
model with J = 100 K and g = 2.14
a lower magneti eld Hc ∼ 56 T than predited by the
isolated dimer model (67 - 74 T, for g values between 2.2
and 2.0), indiating that the interdimer exhange terms
J' and J" have a signiant eet. This eet an be
estimated if we assume that J' and J" are muh smaller
than J and an be treated as a perturbation to the iso-
lated dimer model. These interdimer terms at on triplet
states and enable triplet hopping from rst order in the
perturbation solution, resulting in a triplet dispersion re-
lation that redues Hc from J/gµB. This is very dierent
from the Shastry Sutherland ompound SrCu2(BO3)2,
for whih triplets are loalized up to the fourth order
in the perturbation solution, due to frustration [4℄. To
obtain an estimate of Hc in β-Sr2Cu(BO3)2, the simplify-
ing assumption an be made that in the viinity of level
rossing, the eigenspae omprises only the two degen-
erate singlet (S = 0) and lowest triplet (S
z
= 1) states,
whih is a reasonable assumption given the large value of
J. These an be mapped on to an eetive site whih is
empty (S = 0) or oupied (S
z
= 1) by a hardore boson
(equivalent to a pseudo-spin
1
2
.) The eetive sites form
a square lattie linked by J' and J" (Figure 2b.) Follow-
ing the perturbative treatment of interdimer terms on a
lattie of oupled spin
1
2
hains [8,9℄ we obtain gµBHc =
J -
J′+J”
2
for the lattie in Figure 2b. For the observed
range J/gµB - Hc ≃ 11 - 18 T (depending on the value
of g), we obtain
J′+J”
2
∼ 17 - 28 K. Experiments are in
progress to diretly measure the triplet dispersion and
thereby independently determine the values of J' and J".
At low temperatures and in high magneti elds, in-
terations between the triplets will determine the nature
of the ground state, whih is likely a anted antiferro-
magnet. Within a piture of deloalized triplets, and ne-
gleting anisotropi terms suh as Dzyaloshinkii Moriya
exhange, it is natural to onsider this as a Bose Ein-
stein Condensate of hardore bosons [9℄. The tempera-
ture independent nite magnetization below 20 K in high
magneti elds (Figure 6) is presumably assoiated with
this state, following a similar temperature dependene to
results from numerial studies of weakly oupled dimer
systems [10℄ and experimental results for the related ma-
terial TlCuCl3 [11,12℄. However, only a small portion of
the phase diagram is aessible due to the large value
of the spin gap, and it is therefore diult to unam-
biguously identify the nature of the ground state in high
magneti elds for this material.
In summary, we have made the rst magnetization and
heat apaity measurements on single rystals of the new
spin gap ompound β-Sr2Cu(BO3)2. The material has a
singlet groundstate omprising dimers with intradimer
oupling J = 100 K. High eld measurements reveal the
presene of interdimer oupling, whih results in the re-
dution of Hc from J/gµB and a nite low temperature
magnetization at high elds. From these measurements,
we estimate weak interdimer oupling
J′+J”
2
∼ 17 - 28
K. For elds above Hc, ooperative eets are expeted
to lead to an ordered ground state, the nature of whih
remains to be determined.
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